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CDF Calorimeter and its Upgrade 

Y. Seiya 

Institute of Physics, University of Tsukuba, 
Tsukuba-shi, Ibaraki-ken 305, Japan 

The CDF calorimeter systems are briefly reviewed with sn emphwis on the calibration and the performance of 
the central electromagnetic calorimeter. Severd physics analyses where the cdorimetry plays m important role 
are discussed. The present gas calorimeter will be upgraded in Mcord with the collider upgmdc. The new system 
is a s&till&x-bared calorimeter with wticd fiber readout. A statm of the CDF calorimeter upgrade project is 
also described. 

1. Introduction 

A colliding experiment h.w been conducted at 
Fermilab since 1987 using Tevatron. The Teva- 
tron is the first collider with full use of supercon- 
ducting magnets and provides proton-antiproton 
collisions at the center of mass energy of 1.8 TZV. 
The CDF (Collider Detector at Fermilab) detec- 
tor is located at one of two interution points 
along the Tevatron ring. 

The first collision was observed in October of 
1985. In 1987, the test physics run WM carried 
out and recorded data of 25 nb-‘. The first 
physics run followed it from 1988 to lQg9 col- 
lecting 4 pb-’ of data. After a teat beam term 
from 1990 to 1992, the physics run c&xl run IA 
started in April of 1992 and completed in Msy 
of 1993 resulting in II 19 pb-’ of dats. Ron IB 
started in December of 1993 snd i still rwming 
as of December 1994. 

2. Design of the CDF Calorimeter 

The CDF is s generd purpose detector built 
to explore @ collisions at fi = 1.8 TeV. It eon- 
sists of 3 major parta, central, forward and back- 
ward detectors, and covers almost full solid an- 
gle. The detector ia forward-backward symmet- 
ric. The central part is further divided to the een- 
trd and plug detectors. There ia a 1.5 T magnetic 
field generated by a superconducting solenoid in 
order to measure particles’ momenta. Exploit- 
ing implemented detector subsystems, the CDF 
detector is capable of identifying electrons, pho- 

tona, muons, neutrinos = * presence of missing 
tramverse energy , and jets. 

It h uKiul to Iid the detector components in 
the central region seen by particles emitting from 
the interaction point in order to give an idea of 
the detector mtructnre. After paming the beam 
pipe, particlea acridly go through the dieon YC~- 
tu detector, the vertex time projection cham- 
ber, central trwking chamber, central drift tube, 
(adenoid), central pre-radiator, central electre 
mylnetic ulorimeter, central h&on calorimeter, 
central muon chamber, (50 cm steel), and another 
central muon chamber system. 

The CDF calorimeter hM a projective tower 
geometry with a flne gmnlarity. There (ore 
7 calorimeter systems, central electromagnetic 
calorimeter (CEM), central hadron calorimeter 
(CBA), end wdl h&on (WHA), end plug EM 
(PEM), end plug hedron (PHA), forward EM 
(FEM) ad forward hadron (FHA). .44 the 
systems are lampling calorimeters. The cen- 
tral cdorimeten consist of plastic scintillators 
u active volume, while gsl proportional cham- 
bers are adopted for the plug and fornard- 
backward calorimeters. The properties of the 
CDF calorimeter systems are summtied in Ta- 
ble 1 and ‘Ibble 2. 

A detailed description of the CDF detector and 
recent upgrades are found in [l], [2], respectively, 
and references therein. 
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Table 1 
Properties of the CDF central calorimeters 

CEM 

lj coverage 0.0-1.1 
Number of modules 48 
Number of towers 10 

per module 

Tower size (A7 x Ab) - 0.1 x 150 
Number of layers 31 
Active medium polystyrene 

scintillcttor 

Scintillator thickness 0.5 cm 
Absorber Pb 
Absorber thickness 0.32 cm 
Longitudinal samples 1 

in tower 
Energy resolution 2% 

0 50 GeV 
Typical position 0.2 x 0.2 cm1 

resolution 
Aaimuthal boundary gap 3.5 cm 

CHA WHA 
0.0-0.9 0.7-1.3 
48 48 
a a 

- 0.1 x 150 - 0.1 x 1.9 
32 1.5 
WYliC EXIYliC 

scintiuator scintillator 
1.0 cm 1.0 cm 
Fe Fe 
2.5 em 5.1 cm 
1 1 

11% 14% 

10 x 6 cm’ 10 x 6 cm” 

4.1 em 3.8 em, 8.9 cm 

Depth 18x0 
Shower max strip chamber 

alternating 
4.7x0 4.5x0 

3. Calibration. 

The calibration of the CDF eahimeten ia de- 
scribed in this section. Especially, the CEM eal- 
ibration ia given as an example to avoid lengthy 
description of the calibrstiolu for all the calorimc 
ter systems which are buically based on a aim- 
ilar concept, that is, beam teats and gain moni- 
tors. For the CEM, however, the calibration in- 
situ he.a become a main calibration scheme aa &h 
statistics ofelectron data are available, in order to 
minim& undesirable discontinuity between beam 
test and real operation. The CEM calibration in- 
situ is also described. 

9.1. CEM 8tructurs 
The CEM ia located outaide the solenoid and 

occupies from B = 1.7 m to 2.0 m with respect to 
the beam line. The CHA follows it up to R = 3.5 
m. The overall dimension is 4.9 m along the beam 
direction and the calorimeter is separated into 
two sides at 7 = 0. Each side of the calorimeter ia 
further divided to two arches each of which con- 

tit8 of 12 module, with A+ = 15’. Each module 
forma a single unit called wedge together with the 
CHA and central muon chamber. Total 10 tow- 
en are contained along z (beam direction) in each 
CEM module. Phytical dimension of a tower is 
about 24 cm in z by 45 em in 0. Light is read 
out from both 4 endr and lead to two phototubes 
sepuately. 

The CEM in a sampling calorimeter with 31 
layer. of 5 mm thick scintillstor and 30 layers 
of l/.3 inch lead sandwiched. The total depth is 
5 18x0 including the solenoid. There is a gea 
proportional wire chamber with cathode strips 
embedded at the approximate EM shower maxi- 
mum (- 6x0) for more precise measurements of 
EM shower position and ahape. One module of 
the CEM calorimeter is shown in Figure 1. 

3.2. CEM calibration 
The CEM calibration consists of electron beam 

test with correlated source runs, periodic source 
runs since the beam test to monitor gain v&a- 
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Table 2 
Properties of the CJJF plug and forward calorimeters 

PEM PHA FEM FBA 
?j coverage 1.1-2.4 1.3-2.4 2.2-4.2 2.3-4.2 
Number of modules 2 24 a a 
Number of towers 1152 72 360 360 

per module 
Tower size (Ar, x A6) 0.09 x 59 0.09 x 59 0.1 x 50 0.1 x 50 
Number of layers 34 20 30 27 
Active medium Proportional tube chambers with cathode pad readout 
Tube size 0.7 x 0.7 cm~ 1.4 x 0.8 cm2 1.0 x 0.7 cm’ 1.5 x 1.0 cm2 
Absorber Pb Fe 94% Pb, 6% Sb Fe 
Absorber thickness 0.27 em 5.1 cm 0.45 cm 5.1 cm 
Longitudinal samples 3 1 2 1 

in tower 
Energy resolution 4% 20% 4% 20% 

@ 50 GeV 
Typical position 0.2 x 0.2 cd 2 x 2 cd 0.2 x 0.2 cm’ 3 x 3 cd 

resolution 
Azimuthal boundary gap 0.9 cm 0.8 cm 0.7 cm (vertical) 1.3 cm (v) 

3.2 cm (hotiontd) 3.2 em (h) 
Depth 18X, 6h 24x0 a3 
Shower zn(l~ Cathode strip 

tion, and cosmic ray test of each module at the 
construction stage [3] [4] [5] [S]. 

The absolute energy scale at the tower cen- 
ter of all the modules was set to 100 pC for 50 
&V/c electrons. Source runs immedirtely before 
and after the 50 GeV/c electron beam-test were 
performed to obtain reference calibration values. 
There are three source calibration ayrtems for the 
CEM (41, the motor driven 13’Cs source scan syr- 
tern which monitor6 s&till&x-WLS-PMTe.ys 
tern, the xenon flather system which monitors 
WLS-PMT system and the LED flasher system 
which monitors PMT only. The 13’Cs IOU~EC cd- 
ibration which was the standard calibration for 
the energy scale was performed typically once 
per 3 or 4 weeks. Immcdie.te reproducibility of 
the measurement of the source response was less 
than 1%. Beam to 13’Cs ratio was found constant 
within 0.4% by comparing two data sets which 
weze about 5 weeks apart. From these results 
together with the systematic uncertainty in elec- 
tron beam momentum, the energy scale from the 
13’Cs source calibration is known to 1% at moat. 

Calibration by the flasher ayateriu is perfor&d 
everyday to monitor a short-term gain variation. 
The xenon flasher system- includes PIN diodes 
to calibrate the fluctuation of the bulb bright- 
neu &ah-by-flash basis. With this correction, 
the fractional rmr of the response distribution is 
reduced from 15% to 2%. It b, therefore, easy to 
a&eve an immediate reproducibiity of the mean 
roponw leas than 1%. For the LED flasher ays- 
tern;; the fiactiond rms of the raw distribution is 
already lea than 1%. Three systems monitoring 
different puts of the Iight collection system allow 
w to identify where gain variation comes from. 
For example, 1.3% incxtase of the gain in observed 
when the magnetic Acid exists which comes from 
red inc~ew of the scintillatoz Light output. 

Severd modules were tested to study the 
energy dependence of the calorimeter perfor- 
mance. The energy resolution is well described 
by o(E)/E = 13.5%/,/EsinB(GeV). 

A r~ponse map in a toner relative to the tower 
center was obtained from the beam scan on all the 
toners of 5 modules [5]. Cell sire in the analysis 
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Figure 1. A wedge showing the central EM 
calorimeter with light collection system. 

wets 1 em by lcm and there were 50 x 250 cella 
in e. wedge. With thin cell tie definition, overall 
variation of the rcsponae, or non-uniformity, wu 
4%. The response vu fitted to a 2 dimenniond 
function for each of 10 tower types. An example 
of the response aa a function of the beam pod- 
tion is shown in Figure 2. The correction function 
is shown in Figure 3 where the origind rnponse 
function is slightly mod&d reikting the in-situ 
calibration from the 92-93 data. Uncertdnty of 
this correction function which corresponds to the 
find non-uniformity after the correction was es- 
timated l-2% inclnding applicability to uncdi- 
brated modules. 

The calibration based on the bum test is sum- 
mar&d in Table 3 and Table 4 together with 
other calorimeters in the central and plug regions. 

9.3. CEM recalibra&n in-situ 
The computer controlled 13’Cs source scan cd- 

ibration wan initially intended to monitor gain 
variation of whole the light collection system dur- 
ing data taking runs. It waa found, however, that 
several motor drives broke down in the magnetic 
field. The source calibration became less pre- 

OPZ I j .20 -10 
XL, 

10 10 

Figure 2. Typical X-dependence of the response 
at the tower center in z. The X is a local coordi- 
nate in a tower along 4. 

Figure 3. Response map of a CEM tower. 

ferred to be executed once the detector WM rolled 
in and the solenoid van powered on because of the 
danger that the sauces might be left somewhere 
in the detector. Instead of performing the source 
cdibrstion, high atatistica of electron dats from 
the g&g9 run and later runs M well made a more 
realistic in-situ calibration possible lookiig at en- 
ergy to momentum ratio (E/P) distribution. 

The momentum measured by the central track- 
ing chamber is calibrated using J/4, Y and KS 
mass. For the 92-93 analysis, the momentum 
scale was known to 0.07% from .I/$ mass. The 
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Table 3 
Summary of beam calibrations for the central calorimeters 

CFM CRA WHA 
beam with cardated IOII~-C rrlih.atinn Absolute scale 

Number of calibrated . 
modules 

l Uncertainty 

.,-*.. 
test I ~~~ ~~~~ . . . .._.._ ______ ________.. 

e 50 GeV/c r 50 GeV/c r 50 GeV/c 
dl towers of all modules all towers of 2 modules 

1% 1% 3-5% 
i”Cl”dinR ADDliCAbitV --- _ 

to uncalibrated modules 
Response map correction e 50 GeVjc test beam not done 
(within A tower) 

. Number of calibrated 
modules 

l Variation before 
correction 

l Uncertainty 

AU towers at 5 modules 

4% 

l-2% 
iuclnding applicability 

to uncalibrated modules 

average E/P-determined from inclusive electron 
data is scaled to 1 for each toner. Spread of the 
corrcctiob factors induding respo”8e map correc- 
tion was 3%. The number of electrons per tower 
was about 35 which resulted iu a statisticd uu- 
certainty of 1.7% for the g&g9 ruu [7]. In the 
92-93 analysis, two sets of tower-btower cdibrs- 
tions were obtained to minim&e the time v-aria- 
tion of gains. About 150 electrons per tower for 
each set resulted iu a statistical uncertainty leaa 
than 1%. Overall scale tactor about +S% was es- 
timated based on Monte Carlo simulatio” takiug 
into account the photon radiation effect o” the 
E/P distribution. The constaut term iu the res- 
olution was 2% for the g&g9 run where 1.7% of 
the statistical uncertainty dominated [g]. 

Data-determined simple rapowe map was at- 
tempted from the 92-93 r”“, dthough a complete 
map for each toner of each module wan still not 
possible. The performance of such a mapping was 
found comparable to application of the old map 
ping to newer data. Currently, the original msp 
ping function with A modiilcatio” bawd on the 
in-situ mapping study is used. 

8.4. CEM aging 
Aging b one of important issues of the 

ealorheter performance. The aging of the scin- 
tilhtor i e&mated by both the source cdibra- 
tiou aud E/P distribution for electron data. The 
attenuation length dons 4 of the CEM towers 
were mearured using electron data looking at the 
energy ratio between left and right phototube 
output. The decrease of 10% level from 1984 
1986 tat helm wcu observed after the 88-89 run. 
Thue WM “o signbkmt change detected iu the 
gain nor the rapouse map within A tower duriug 
the 88-89 run. The statistics fmm this ruu was 
relevant ody for letting the average tower gain 
snd was not high enough to be sensitive to the 
time dependence “or the non-uniformity of gains 
within A tower. For the 92-93 run with higher 
hminosity, the gain variation along time started 
seen iu the E/P ratio and about Z-3% decrease 
WAS observed (Figure 4). 

Source calibration data showed about 5% de- 
CI~MC of the rnpouse as a detector average from 
the begiuuing to the end of the 92-93 run which is 
consistent with the result from S)‘P study taking 
into account for the different time interval looked 
at in emh analysis. 
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Table 4 
Summary of beam calibrations for the plug and forward calorimeters 

PEM PHA 
Absolute scale ted beam with correlated source calibration 

. Number of calibrated 
modules 

. Uncertainty 
Response map correction 
(tower-to-tower) 

. Number of calibrated 
modules 

. Variation before 
correction 

. uncertainty 

c 100 GeV/c 
one tower of all 2 modules 

4% 
e 100 GeV/c teat beam 

z 150 GeV/c 
one tower of one module 

not done 

all tower8 of all modules 

4% 

1% 

1,01 

I,02 

LO> 

, + 
+-++ 

0." i 

_ 

i 

++*+- ++ 
+ *t+ + 

0.u + *A+++ 

0.w 

o.*, 

/ 
~%mr Lxcc uom uom 1sece mea .w - 

Figure 4. The average E/P M a function of rnn 
number for the 92-93 mn. 

4. Calorimetry in Physica Annlyda 

4.1. Jet energy correction and reeolution 
Observed jet energy must be corrected for 1) 

calorimeter non-linearity for low I+ p&i&s, 2) 
energy loss in the detector cracks, 3) underlying 
events and 4) particle-loss out side the cluatcring 
window. Underlying event ia ddlned (u particle 
activities originated from soft prow- such aa 
fragments from spectator partons in a proton and 

anti-proton. 
The correction function was determined as a 

function of r) using real data and Monte Carlo [Z]. 
A correction rektive to the retion 0.2 < /ql < 0.7 
where no cracks etit vaa obtained looking at ET 
b&me in d&t eventn. Absolute scale correction 
was estimated by Monte Carlo. Correction for 
the effect from onderlying events waa determined 
from real minimum bias data, and finally particlea 
rent out the clustering window are taken into 
tiount bad on Monte Carlo study. The jet 
energy correction function ia shown in Figure 5. 
The typical correction factor in 1.3. The energy 
SC& correction wm checked using ET balance in 
y+jet evente. Uncertainty of the energy scale is 
about 5% for 20 GeV corrected jets. 

The mu resolution of jet energy in the central 
region was &mated to be o m (O.l& + 1) GeV 
looking at ET balance in Get events [9]. The 
dmcnce of a fi behavior for the resolution is 
due mntly to the presence of long t& in the jet 
response fin&on wociated with energy loss in 
craclrr. 

Jet energy scale ia well known while the modest 
resolution and the copious QCD background pre- 
vent us from confirming w mau peak in w -+ 2 
jets events. 

4.2. Underlying energy resolution 
Underlying energy ia usually aaaumcd same as 

the minimum bias events. The resolution was 
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Figure 5. The jet energy correction aa a function 
of detector 7 for several jet ET%. 

found to be well approximated by r w 0.7- 
from the minimum bias eventa, where C ET is the 
total scalar sum of the cahximeter-tower & up 
to 1~1 < 3.6 [Z]. 

4.3. Missing ET correction and resolution 
Missing ET ia originally reconstructed from 

ET imbalance calculated from the vector mm 
of calorimeter tower energy within the region of 
171 < 3.6. Missing ET correction L done by rc 
calculating ET imbaance from corrected electron 
ET and jet ET with accounting for m&&g energy 
due to muons. The resolution in a result of com- 
bined effect of electron, jet and underlying energy 
measurement. 

It should be noted that the energy correctiona 
for jet and missing ET are physics-process and 
analysis dependent more 01 less after all. 

4.4. 2 boson mass 
In the remaining subnectiona, we will discuss 

more physics-related topics in which the c&rime- 
ter performance has much importance. 

The 111898 of 2 boson WM determined from the 
88-89 data using 65 Z - ee events [?‘I. The atatia- 
tical uncertainty WM 0.34 GeV/c’ while the total 
systematic uncertainty wan 0.43 GeV/Z where 

0.38 GeVJc’ cazne from the calorimetry. The 
major source of the calorimetry uncertainty wed 
the statistical uncertainty in in-situ calibration. 
Since precise measurements from LEP have be- 
come available, Z events are now used as a check 
of the electron energy scale. Although the limited 
statistics (- 3000 events for the 92-93 run) makes 
it less relevant to use them M a calibration tool 
in the central region where E/P technique can be 
used, it will be more realistic to calibrate the EM 
calorimetera using 2 eventa in the plug and for- 
ward regiona where the momentum measurement 
ia btically not available. 

4.6. W bonon maas 
The W&son maa WM measured from W + 

evandW + /.w events by fitting a set of trans- 
veme maw distributions from Monte Carlo gen- 
erated over a range of mass and width, to the 
distribution obtained fiom data [8] [lo]. We con- 
sider W - w events here. 

The transverse mas. is calculated from the 
transverse energy of au electron and a neutrino 
where the nentrino transverse energy is indirectly 
measured from vidble particle activities M an im- 
balance of the tramverne energy fioas. The visi- 
ble activities are an electron, jet activities recoil- 
ing from the boosted W system and underlying 
events. It L, therefore, important to understand 
the energy scales for electrons and recoiling jets. 
The energy resolutions for electrons, recoiling jets 
and underlying events are alao important because 
they all affect the shape of the transverse maw 
distribution. In the 92-93 analysis, we did not 
explicitly separate underlying activities from re- 
coiling activities because increased real 2 events 
allowed 11. to mtndy the combiied effects directly. 

We estimated W mrm Gem - 1000 events in 
the 88-89 aualysi~. The statistical uncertainty 
wu 0.35 GeV/? while the systematic uncertainty 
wea 0.31 GeV72 where the uncertainties from the 
calorimetry was 0.28 GeV7c=. For the 92-93 data 
with increased W events of w 6000 and in-situ 
calibration data, the statistical uncertainty was 
0.15 GeV/Z and the systematic vma about 0.25 
GeV/c= of which - 0.20 G&‘/c1 came from the 
calorimetry. Further studies are in progress to 
reduce these systematic uncertainties. Generally, 



the energy scale uncertainty WM reduced for this 
run while the uncertainty in understanding of the 
calorimeter resolution relatively became one of 
major sources of uncertainties Gom the calorimr 
try. 

4.6. Top quark mass 
The top quark maa is estimated by m&urn 

log likelihood method fitting &nerved some Line- 
mstical distribution with predictions for top of a 
range of mv, and for background. Several ap- 
proachn to obtaining the distribution are being 
studied and most of them try to extract the best 
estimate of the top quark mass per event and use 
the redting reconrtructed mllu distribution. 

A straightforward way of reconstructing top 
mass is to form an invariant mass from decay par- 
ticles [2]. For ti + e(p)+ 24 jets event8 where 2 
jets originate from light qua& in W decay and 
other 2 jets from b qua&, we can reconstruct 
top quark maas if we correctly identify a group 
of particle objects from each top quark. Since we 
don’t basically know which jet cornea from which 
quarl, and there are extra jeta radiated off the ini- 
tial state quarka, we have severd pouibiitica in 
jet assignment8 to the quarks. In addition, there 
are two possible solutiolu for I component of the 
neutrino momentum from Mw = d&,. Reqnixing 
kinematical constraints, which are kf,, = .I& 
and Mcwb = A.&(= I&), within expected er- 
ran, the best estimate of the top quark msu i, 
determined. If there exist jeta tagged u b lq 
the silicon vertu deketor or by identifying I) ,c.G 
lepton in the jet horn the semileptonic b decay 
(b + he), they are assigned to b quarka nhieb 
reduce8 the jet assignment ambiinity. In order to 
improve maa resolution, invariant mana of the de- 
cay products which are wsumed Gom W i tied 
to the known W mass. 

In thin study, it WM real&d that jet energy 
correction specific for b jeta in ti events was net- 
essary which revealed the physic. proce,, depen- 
dent nature of the jet energy correction. Such a 
correction WM obtained Gom Monte Carlo. It is 
also diicusled that decay-process dependent car- 
rcetion is neceassry for b jets. 

It is found jets are correctly wigned in 30% 
of the events. The resulting rms of the recon- 

strutted top masa distribution for top Monte 
Carlo is about 20 GcV/c’ while it ia reduced to 
10 GeV/c’ if assignments are alI correct. We still 
need to improve the jet assignment for more pre- 
cise top quark mess measurement. Part of it W~II 
be achieved by looking at more detailed dynsmi- 
cal properties expected for the ti production and 
decay in the standard model. 

In thin situation, the hadron calorimeter reso- 
lntion is important. A sufficient jet energy reso- 
lution would allow u to identity jets Gom light 
quash which come Gom W by forming an in- 
variant msu, and reduce other background jets 
typically existing in hadron collisions. 

6. Upgrade Project 

6.1. Introduction 
The Tevatron collider is to be upgraded Gom 

1997 rnulting in a shorter bunch period of 396 ns. 
According to this upgrade, all the gas calorime- 
kr (plug and forward regions) ia replaced with 
a tarter plastic scintillator calorimeter employ 
ing optical flbera for readout. The new plug 
cdximeter which covers Gom 3V to 3* is a 
umpling cdorimeter with scintillator-absorber 
undwich. Sc&illator plata are negmented into 
“tder” forming a projective tower geometry. The 
basic propertier of the new plug calorimeter are 
mimmticd in tible 6. 

Site the EM and HAD c&&neter are almost 
same in their material and structure, detaila on 
the development of the new PEM in described. A 
sktnr of the PHA upgrsde in described in [n]. 

6.2. Structure 
One layer of the PEM is physically separated 

to 24 unit8 each of nhicb covers 15’ in r$. A 15’ 
unit con&~ of tila with readout Rbers embedded 
in, reflectom on both top and bottom surface of 
tilea and supporting white plsatic plater on top 
and bottom. The number of tiles ia 20 for the 1st 
15 layen and 19 tilea for the 16th to 23rd layers. 
Typical sire of the tile is 10 cm by 10 cm. 

Tila and reflectors are fixed to the top and 
bottom plates using two acryl pins per tile. Two 
pins are positioned at 10 mm inside from the tile 
corners along a diagonal line. A diagonal line on 
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Table 5 
Mechanical parameters of the CDF upgraded end plug calorimeter 

EM 
Absorber 4.5 mm Pb with 0.5 mm stainless steel on both sides 
Scintillator 4 mm Polystyrene 
Total layers 23 
Total thickness 
Total units /layer 

35.7 cm (23.2X0, 0.96X0) 
24 (16”) 

Total tiles /unit 20 

HAD 
Fe 5.04 cm 

6 mm Polystyrene 
22 

160 cm (6.6X0) 
12 (300) 

36 

which pins are aligned is alternated for even and 
odd layer numbers. Dimension of the pins is 6.5 
mm long and 3 mm in diameter. 

The top plate has slits at positions on fibers em- 
bedded in each tile. A WLS fiber in a tile comn 
out on the top pkte surface through this slit, and 
near the slit, it is spliced to a dear fiber. Both 
WLS and clear fiber are 0.83 mm in diameter, 
and they are fusioned thermally. Another end of 
P. WLS fiber in mirrored by aluminum sputtering 
and coated with MgFz for protection. 

There are grooves on the top plater to lead 
fibers to two optical connectors located at the 
outer end of the plate. This connector alIed A- 
type M a convention houses 10 fibers and connect 
fibers from tiles to another 10 clear flben of 3 m 
long and 0.90 mm in diameter. These 10 fibers arc 
assembled into 8 flat ribbon cable covered with 
a black TedIar film of 50 pm thick. The opti- 
cal cables from-15’ units are routed through the 
2.5 cm gap between the central structure and the 
end plug, to the back of the cakmimetcr where 
the fiber cables are connected to l-m-long and 
l-mm-diameter clear flbers at another B-type op 
tical connectors. At these connectors, layer-t- 
layer arrays offibers are rearranged into towcr-by- 
tower bundles which are fin.lly connected to phc+ 
totubes (HAMAMATSU green-extended R4125) 
via diffusers. 

Two stainless steel tubes with 1.3 mm diameter 
are laid on the grooves on each top plate paming 
along the center of all tiles. A =‘Cs -(-ray source 
encapsulated at the tip of (L finer diameter tubing 
will be driven into these tubes to monitor gains 
for each tile. 

The new PEM wilI be also instrumented with a 
shower maximum detector which consists of two 

layers of 6 mm wide scintilIator strip placed at 
the 5th EM layer corresponding depth of 6X, [12]. 
In addition, the 1st layer of the EM will be mod- 
itled for UK c+s a pm-radiator because its position 
of about 1.5X0 from the collision point is opti- 
mum for the diwimination of single photon from 
r”. The pm-shower detector will be read out by 
multi-channel photomultiplier tubes and only dif- 
fuence in the structure ia the scintillator thick- 
nese of 10 mm to ennun soflicient photostatistics 
for such phototuba. 

6.5. Requirementm 
Based on the physics demands, the required 

performance for the brew PEM is 

l MS= (*)‘+d 

a., 5 16% 

wL3 5 1% 

. Non-linearity 5 1% for lo-400 fZeVev. 

In order achieve tb requirements, we have to 
control, (1) photostatistics (which affects o,.,), (2) 
uniformity over tile surface (arc, non-linearity), 
(3) 10”gitudi”d oniformity in a toner (C-B, 
non-linearity) and (4) cross talk (non-linearity). 
Based on shower &ulations, these requirements 
are tra”slat.?d to 

. > 3 photoelectrons/tile/MIP 
(SSling fluctuation = 14% out of oA = 

. Surfsce uniformity < 2.5% 

l Longitudind uniformity < 10% 

. Total cross-talk < 3%. 
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Table 6 
Light yield decrease after radiation 

Sample before 
sci”tiuator Light yield(&.) 
SCSN.81 9.14* 0.14 
SCSNJBD 10.46 i 0.14 

after 0.5 Mrad 1.0 Mrad 
Relative decrease in light yield(%) 

2.2 * 0.1 8.0 f 0.2 
5.6 + 0.1 13.6 f 0.3 

BC406 6.95 f 0.13 9.1* 0.2 14.6 i 0.4 

Table ‘I 
Attenuation length before and after radiation 

Sample before 
scintillstor Attenuation length (mm) 
SCSN61 64.9 f 43 
SCSN30D 402 f 20 
BC406 644f12 

dkr 0.5 Mrd 1.0 Mrad 
Relative decrease (%) 

32 f 2 41f3 
16 f 1 29f2 
31f2 32&2 

6.4. R&D 
The R&D results are summarixed here. A more 

detailed description is found in [13]. MstcriaL for 
scintillator plste and fiber are determined so IY to 
give the light yield large enough. T-ted sam- 
plea of scintillstor plaka are Knraray-SCSNgl, 
36.‘66 and Bicron-BC4Og. Teated WLS flben 
are Kurary-Yll, Y7, B2 and Bicron-BCFOlA. 
Combinations of SCSNSID-Yll and BCIOEYIl 
showed high light yield. 

The radiation hardness L one of criteria tar se- 
lecting scintilhtor. The total radiation dcae of 
500 Krad for 10 years L expected at 9 = Soat 
A luminosity of 1O3’ cm-&-‘. Required radi- 
ation hardneu is that the deermae of light yield 
and attenuation length should be leaa thm 16% 
and 30%, respectively. ‘Test resuIk of the mdi- 
ation hardness for several materi& are aummr 
riled in Table 6 and Table 7. Baud on thue 
results, SCSN36DYll wu adopted aa material 
for the scintiIlstor and fiber. 

The tiles are fixed to the supporting top and 
bottom plastic platea with pins. In order to min- 
im& the non-unifmmity around these pins, sev- 
eral types of pins are teated. Relative light yield 
at (UL acrylic pin WM about 30%. It was found 
that the light yield is recovered to about 60% us- 
ing scintillating pin coated with ea acrylic rain. 
Tbii results in (L 96.6% response for 100 GeV elec- 
tron showers. We performed a heat cycle tnt for 
the scintillating pins. The test con&k of a tem- 

perature change Gom -2OOC to +50°C per day 
and this cycle was repeated for 6 days. We found 
no significant damage on the pins. 

The groove path shape, cross-sectional shape 
and depth were opttied to give especially the 
bat uniformity. Path shape of Q was adopted 
and the curvature at the tile corners WM deter- 
mined to be 30 mm. A typical rnponse to the 
&ray sotlrce along the tile center is shown in Fig- 
us 6. Incrass of the response near the fiber 

30 
ii -90 ii la ~-,-.- “canning line 
L 2’0 tt, t 
i 0 h*~+e,#@yMth#~:’ i i z I---- t 
‘Ti”- ;;zyaty Tile, 1 

0 00 Loo tw 
Pealtion (mm) 

Figure 6. The response variation along a center 
line on the tile. 
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corresponds to the increase of the solid angle di- 
rectly covered by the fiber. When the source is far 
from the Rber, the solid angle in which the fiber is 
sensitive to the light is constant which is limited 
by the critical angle st the tile surface, end it is 
larger than the one directly covered by the fiber. 
Getting closer to the fiber, the latter supercedes 
the former and the sensitive solid angle continues 
to increase. In order to improve overall unifor- 
mity, the groove depth is opttied IU shown in 
Figure 7. We found an empirical relation that 

Figure 7. The top plot shows the deviation of the 
response on the I&X Gom the one averaged over 
other region M A function of the groove depth. 
The bottom plot shows the overall uniformity. 

the average response on the groove decreases 1% 
when the groove depth is deepened by 0.1 mm. 
The difference between the response averaged on 
the fiber and the one averaged over the off-fiber 
region was found dependent on the tile sire aa 
shown in Figure 8. The relative response around 
the fiber to the tile center depends on the tile sire 
due to attenuation of light in the scintiliator. An 
optimum depth is, therefore, dependent on the 
tile size which can be estimated by the empirical 

z 
E 1 : 5 o* *Q *’ 

:a* .------*------ : 
i 

2 

-8 0 

Y3 9, 0 I -5 i - _ -*- ‘* 1 
d -,,u 

0 5a 100 ml 200 
The aide (arc) I.r..,th hm) 

Figure 9. Tile sine dependence of the response 
difference between the average on the fiber and 
off the Abet. 

-I% per 0.1 mm relation. 
The apIking is performed by thermal fu- 

sion [14]. The light transmission wan measured 
to be 80%. 

The mw connector for the fibers was newly 
developed [lS]. There are two types of the con- 
nectors #horn iu Fiinre 9 and Figure 10. The 

j@j $(&f&&j I)mn - 

! 
2 

% 

Figure 9. The optical m&a connector, type A. 
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Table 8 
Final design of the plug upgrade EM tile/fiber system. 
ScintillatinE tile 

WLS fiber - 

Reflector 
Tie lkture 
Groove path in a tile 

Yll (muklad, 200 ppm, 0.83d) 
with Al sputtering 

PET iilm (E&5) 
scintillating pin 
r=30 mm at corners 

SCSN38 14 mm thick) 

Groove depth 1.5 w 2.2 mm depending on the tile size 

Figure 10. The optical msla connector, type B. 

light transmission is S-Q046 between flben with 
a same diameter. The reproducibility wu found 
1%. The variation of the light tranvpkion for 
fibers in a connector wcu meaanred w 3% for 
fibers nith a same diameter. 

The final rpecificatio~ ue rommarired in Ta- 
ble 8. We tested the performance of an actual lSO 
unit. The number of photoeleetronr L w 7, non- 
uniformity ia 24.5% and cross-ia& ir leu than 
1%. 

6.6. Quality control 
The mass production of 15O units was started 

in October 1993 and completed in February lQQ4. 
A total of llQ6 units were made. Quality testa 
which are basically for products sampled at a rate 
of a few % were done at various production stages. 

Thickness of the scintillator mother board w’1y 
measured at several points and required to satisfy 
(4 i 0.2) mm. Small tile blocks were tested to 

check if the light yield from the block, was more 
than 120 photoelectrons and the variation be less 
than 2.5%. After tile fabrication, a control fiber 
wm inserted to tih and tested if the light yield 
be greater than 12 photoelectronr. Tik-sampiing 
rate WM a% for thi, test. 

Diameter of flber batcha was measured at sev- 
eral point. which wan required to be (0.83 i 0.02) 
mm. Sampling 4 m fiber at every 50 m and cut- 
ting it to 3 m and 1 m, attenuation length for 3 
m flber and light yield for 1 m fiber were tested. 
Required quality for the attenuation length was 
1.5 m f 15% for WLS flbers and 10 m f 15% 
for clear fibers. Light yiJd must be. more than 
12 photoelectrona and its variation should be less 
than 6%. After mirroring and apticing, the fiber 
rm expomd by a UV lamp and the light yield was 
meuurd by reading current output from pho- 
totnbc. Total 28000 WLS fibers spliced to clear 
fiber8 were made and all were tested. The require- 
ment on the light yield variation ia 5% for fibers 
with a name length. Rejecting 1.4% of flbers with 
more than 10% deviation from the average, the 
light yield niristion wu 3.8%. 

Assembling fabricated tiles and fibers to lSO 
unit, light yield, light yield variation in a tower 
and crou talk were measured using a computer- 
contdled source acanning system. We measured 
10 units from the 12th layer and 1 unit from each 
of other layers. The light yield from all tiles WM 
larger than 3.5 photoelectron. and the cross tdL 
wan leu than 2%. The light yield variation of tiles 
along tower depth direction was 7.9%. AU tested 

pans satisfied our requirements. 

All the 15O units will be tested wing cosmic 
ray. A cosmic ray ted system was made for this 
purpom which consista of several crossed-trigger 
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hodoscopes and drift chambers. It is capable of 
testing 15 units at a time arranging lS” units in 
3 stacks of 5 layers. The units are exposed to cos- 
mic ray for about 1.5 days in which the statistical 
error of the light yield is less than 1% for most of 
the tiles. The cosmic ray test of all the units in 
now underway. 

8. Conclusions 

The CDF calorimeters were briefly reviewed. 
Especially the calibration and the performance of 
the central electromagnetic calorimeter was de- 
scribed in detail. The in-situ calibration based on 
the energy-twnomentum ratio distribution hu 
become a main calibration technique. 

The effect of the calorimeter performance was 
discussed in 2, Wand top quark mass analysis. 

The status of the upgrade project for the CDF 
plug electromagnetic calorimeter was described. 
The mass production was completed and final test 
of all the calorimeter subassemblies is underway. 
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